
Directions for probing QCD in and with nuclei

Outline

In :  short-range correlations and non-nucleonic degrees of freedom

With:    color and chiral transparency phenomena

Mark Strikman, Penn State

Hall C workshop,   August 4, 2008  Jlab



Last three years - a qualitative progress in the study of  SRC based on the analysis of the high momentum 
transfer (e,e’) Jlab data, (p,2pn) BNL data and (e,e’pp) & (e,e’pn) Jlab data.  SRC are not anymore an elusive 
property of nuclei !!

More than ~90% all nucleons with momenta k≥300 MeV/c belong to two 
nucleon SRC correlations

Probability for a given proton  with momenta 600> k > 300 MeV/c to belong to pn 
correlation is  18±5 times larger than for pp correlation

Probability for a nucleon to have momentum > 300 MeV/c in medium nuclei is  ~25%

Three nucleon SRC are present in nuclei with a significant probability

The findings confirm our predictions based on the study of the structure of SRC in nuclei (77-93), add new information 
about isotopic structure of SRC. In particular this confirms our interpretation of the fast backward hadron emission 
observed in the 70’s-80’s as to due to SRC and allows to use information from these experiments for planning new 
experiments which would allow unambiguous interpretation.

Summary of the theoretical analysis of the experimental findings 

BNL + Jlab +SLAC

BNL + Jlab

BNL + Jlab 04 +SLAC 93
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Jlab 05

Probability of non-nucleonic components within SRC is small - < 20% - 2N SRC mostly 
build of two nucleons not 6q, ∆∆,... BNL + Jlab +SLAC

practically all  of which were predicted well before the data were obtained 

60% of the kinetic energy of nucleons for A> 50 is due to SRC  >> than in EFT

⎬
⎭
⎫Piasetzky

talk

QCD in  nuclei



The recent progress in studies of SRC confirms that hard processes are 
well suited for study of microscopic nuclear structure. 

How to reconcile  findings about SRCs with the EMC effect and 
suppression of antiquarks in nuclei? Really to explain the EMC effect it is 
absolutely necessary to have nonnucleonic degrees of freedom in nuclei 
- naively higher the density larger deviations are from NN picture.

What are possible strategies for further discoveries?
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Progress in the studies of SRC at high momentum  due to two concepts

Closure approximation for A(e,e’) at x=Q2/2q0mN> 1, Q2 > 1.5 GeV2  up to fsi in the SRC

A new quantity to provide even cleaner test of the structure of SRCs- nuclear decay function (FS 77-88) - probability to emit a nucleon with momentum k2  after removal of a fast nucleon with momentum k1, leading to a state with excitation energy Er nonrelativistic definition

Studies of the spectral and decay function of 3He reveal both two nucleon and three nucleon correlations - Sargsian et al 2004

For 2N SRC  can model decay function as decay of a NN pair moving in mean field (like for spectral function  PA)                 Piasetzky et al 06

 Instantaneous removal of one nucleon of 2N SRC leads to release of the second nucleon of SRC with initial momentum (more precisely light cone  fraction and transverse momentum) due to a large difference between the scale of local NN potential and interaction with the rest of the nucleons

☝
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Use 3He(e,e’ppn)

reactions to 
study pn, pp and 
ppn correlations.

Remember:
structure (though not 

probability) of 2N and 
3N correlations is very 

similar in A=3 and 
heavy nuclei

Spectator 
is released

Emission of FB 
nucleon is strongly 
suppressed due to 
FSI

DA(k2,k1,Er)=|〈φA−1(k2,...)|δ(HA−1−Er)a(k1)|ψA〉|
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fsi

Corrections could be calculated for large Q using generalized eikonal 
approximation (GEA). For interactions of knocked out nucleon with slow 
nucleons they are less than few % -   LF & Misak Sargsian  & MS  (08)

Local fsi (within a SRC)  are not small but they are the same for different 
nuclei and cancel in the ratios of the cross sections for the same x > 1



Hard exclusive processes where a nucleon of SRC is removed instantaneously

probe another quantity sensitive to SRC - nuclear decay function (FS 77-88) - probability to emit a 
nucleon with momentum k2  after removal of a fast nucleon with momentum k1, leading to a state 
with excitation energy Er       (nonrelativistic formulation)

DA(k2, k1, Er) = |〈φA−1(k2, ...) |δ(HA−1 − Er)a(k1)| ψA〉|2

V(r)

!k1

!k2

!k1 + !k2 ≈ 0

k1 > kF

General principle (LF&MS77): to release a nucleon of 
a SRC - necessary to remove nucleons from the same 
correlation - perform a work against potential V12(r)

Operational definition of the SRC: nucleon belongs to SRC if its instantaneous  removal 
from the nucleus leads to emission of  one or two nucleons which balance its momentum:  

includes not only repulsive core but also tensor force interactions. 

p(e)
p(e)

p
p(n)

!k1

!k2

determine 
momentum k2

5



Studies of the spectral and decay function of 3He reveal both 2N and 3N SRCs Sargsian et al 2004

For 2N SRC  can model decay function as decay of a NN pair moving in mean field (like 
for spectral function  in Ciofi & Simula, LF&MS 01)                 Piasetzky et al 06
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Use 3He(e,e’ppn)

reactions to 
study pn, pp and 
ppn correlations.

Remember:
structure (though not 
probability) of 2N and 
3N correlations is very 

similar in A=3 and 
heavy nuclei

Spectator is 
released

Emission of  fast nucleons 
“2”  and “3” is strongly 
suppressed due to FSI
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resembles 2N momentum 
distribution

does not resemble 2N 
momentum distribution

Problem - no methods so far to calculate decay functions for A >4. However  the decay function 
and another interesting characteristics of the nuclear structure -  two nucleon momentum 
distributions in the nuclei (Schiavilla et al 07, Alvioli et al 08) is close to decay function  for k1

+k2=0, k1>>kF.  Further studies of connection for the case  |k1+k2|> 50 - 100 MeV/c  are 
necessary.

Note that in the decay one needs to take into  account recoil effects - naturally accounted 
for when using relativistic light-cone decay functions: conservation of LC  fractions 



7

r(4
He
/3 H
e)

r(1
2 C
/3 H
e)

xB

r(5
6 F
e/
3 H
e)

1

2

3

1

2

3

4

2

4

6

1 1.25 1.5 1.75 2 2.25 2.5 2.75

Jlab data from Hall B. 
Q2 > 1.5 GeV2

Fe/C ratios for x~1.75, 
x~2.5 agree within 
experimental errors with 
our prediction - density 
based estimate:

The best evidence for presence of 3N SRC. One probes 
here  interaction at internucleon distances <1.2 fm 
corresponding to local matter densities ≥5ρ0  which is 
comparable to those in the cores of neutron stars!!!  

confirm our 1980 prediction of scaling 
for the ratios due to SRC

r2 = (A1/A2)0.15

r3 = (A1/A2)0.22

Scientists believe that the crushing forces
in the core of neutron stars squeeze nucle-
ons so tightly that they may blur together.
Recently, an experiment by Kim Egiyan and
colleagues in Hall B at the US Department
of Energy’s Jefferson Lab caught a glimpse
of this extreme environment in ordinary
matter here on Earth. Using the CEBAF
Large Acceptance Spectrometer (CLAS)
during the E2 run, the team measured
ratios of the cross-sections for electrons
scattering with large momentum transfer
off medium, and light nuclei in the kine-
matic region that is forbidden for low-
momentum scattering. Steps in the value
of this ratio appear to be the first direct
observation of the short-range correlations
(SRCs) of two and three nucleons in nuclei,
with local densities comparable to those in
the cores of neutron stars.

SRCs are intimately connected to the
fundamental issue of why nuclei are dilute
bound systems of nucleons. The long-range attraction between nucle-
ons would lead to a collapse of a heavy nucleus into an object the
size of a hadron if there were no short-range repulsion. Including a
repulsive interaction at distances where nucleons come close
together, ≤0.7 fm, leads to a reasonable prediction of the present
description of the low-energy properties of nuclei, such as binding
energy and saturation of nuclear densities. The price is the prediction
of significant SRCs in nuclei.

For many decades, directly observing SRCs was considered an
important, though elusive, task of nuclear physics; the advent of
high-energy electron–nucleus scattering appears to have changed
all this. The reason is similar to the situation encountered in particle
physics: though the quark structure of hadrons was conjectured in
the mid-1960s, it took deep inelastic scattering experiments at SLAC
and elsewhere in the mid-1970s to prove directly the presence of
quarks. Similarly, to resolve SRCs, one needs to transfer to the
nucleus energy and momentum ≥1 GeV, which is much larger than
the characteristic energies/momenta involved in the short-distance
nucleon–nucleon interaction. At these higher momentum transfers,
one can test two fundamental features of SRCs: first, that the shape
of the high-momentum component (>300 MeV/c) of the wave func-
tion is independent of the nuclear environment, and second, the
balancing of a high-momentum nucleon by, predominantly, just one
nucleon and not by the nucleus as a whole.

An extra trick required is to select kinematics where scattering off

low-momentum nucleons is strongly sup-
pressed. This is pretty straightforward at
high energies. First, one needs to select
kinematics sufficiently far from the regions
allowed for scattering off a free nucleon,
i.e. x = Q2/2q0mN < 1, and for the scatter-
ing off two nucleons with overall small
momentum in the nucleus, x < 2. (Here Q2

is the square of the four momenta trans-
ferred to the nucleus, and q0 is the energy
transferred to the nucleus.) In addition,
one needs to restrict Q2 to values of less
than a few giga-electron-volts squared; in
this case, nucleons can be treated as par-
tons with structure, since the nucleon
remains intact in the final state due to final
phase-volume restrictions.

If the virtual photon scatters off a two-
nucleon SRC at x > 1, the process goes as
follows in the target rest frame. First, the
photon is absorbed by a nucleon in the
SRC with momentum opposite to that of

the photon; this nucleon is turned around and two nucleons then fly
out of the nucleus in the forward direction (figure 1). The inclusive
nature of the process ensures that the final-state interaction with
the rest of the nucleus does not modify the cross-section. Accord-
ingly, in the region where scattering off two-nucleon SRCs domi-
nates (which for Q2≥1.4 GeV2 corresponds to x > 1.5), one predicts
that the ratio of the cross-section for scattering off a nucleus to that
off a deuteron should exhibit scaling, namely it should be constant
independent of x and Q2 (Frankfurt and Strikman 1981). In the
1980s, data were collected at SLAC for x > 1. However, they were in
somewhat different kinematic regions for the lightest and heavier
nuclei. Only in 1993 did the sustained efforts of Donal Day and col-
laborators to interpolate these data to the same kinematics lead to
the first evidence for scaling, but the accuracy was not very high.

The E2 run of the CLAS detector at Jefferson Lab was the first exper-
iment to take data on 3He and several heavier nuclei, up to iron, with
identical kinematics, and the collaboration reported their first find-
ings in 2003 (Egiyan et al. 2003). Using the 4.5 GeV continuous
electron beam available at the lab’s Continuous Electron Beam
Accelerator Facility (CEBAF), they found the expected scaling behav-
iour for the cross-section ratios at 1.5 ≤ x ≤ 2 with high precision.

The next step was to look for the even more elusive SRC of three
nucleons. It is practically impossible to observe such correlations in
intermediate energy processes. However, at high Q2, it is straightfor-
ward to suppress scattering off both slow nucleons and two-nucleon

NUCLEAR PHYSICS

1CERN Cour ier November 2005

Close nucleon encounters
Jefferson Lab may have directly observed short-range nucleic correlations, with densities

similar to those at the heart of a neutron star. Mark Strikman explains.

Fig. 2. Scattering of a virtual photon off a
three-nucleon correlation, x > 2, before (left)
and after (right) absorption of the photon.

Fig. 1. Scattering of a virtual photon off a two-
nucleon correlation, x > 1.5, before (left) and
after (right) absorption of the photon.

!!

1<x<2

Ratio of the cross sections of (e,e’)scattering off a 56Fe
(12C,4He)  and 3He per nucleon

a2(A1)/a2(A2)

a3(A1)/a3(A2)

Scaling of ratios - evidence for universal nucleonic SRC
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FIG. 1: Weighted cross section ratios of (a) 4He, (b) 12C and
(c) 56Fe to 3He as a function of xB for Q2 > 1.4 GeV2. The
horizontal dashed lines indicate the 2-nucleon and 3-nucleon
scaling regions which have been used to calculate the per-
nucleon probabilities for 2- and 3-nucleon SRCs in nucleus A
relative to 3He.

is evaluated at 2.25 < xB < 2.8 corresponding to the
dashed lines in Fig. 1. The chances for each nucleon to
be involved in a 2-nucleon SRC in 4He, 12C and 56Fe are
1.96, 2.51 and 3.00 times higher than in 3He (see Ta-
ble I). The chances for each nucleon to be involved in
a 3-nucleon SRC are, respectively, 2.3, 3.2 and 4.6 times
higher than in 3He.

The systematic uncertainty in the relative per-nucleon
SRC probabilities are discussed in Ref. [10]. For the
4He/3He ratio, all uncertainties except those of the beam
current and target density cancel, giving a total system-
atic uncertainty of 0.7% . For the solid-target to 3He
ratios, only the electron detection efficiency cancels, giv-
ing a total systematic uncertainty of 6%.

To obtain the absolute values of the per-nucleon prob-
abilities of SRCs, a2N (A) and a3N (A), from the mea-
sured ratios, a2(A/3He) = a2N (A)

a2N (3He) and a3(A/3He) =
a3N (A)

a3N (3He) , we need to know the absolute per-nucleon
SRC probabilities for 3He, a2N (3He) and a3N (3He). The
probability of 2-nucleon SRC in 3He is the product of
the probability of 2-nucleon SRC in deuterium and the
relative probability of 2-nucleon SRC in 3He and d,
a2(3He/d). We define the probability of NN SRC in deu-
terium as the probability that a nucleon in deuterium has

a momentum p > 275 MeV/c since that is the minimum
recoil momentum corresponding to the onset of scaling at
Q2 = 1.4 GeV2 and xB = 1.5. Note that this experiment
is the first to measure the momentum onset at which 2-
nucleon SRC dominate. This momentum distribution in-
tegral gives 0.041±0.008 [21] where the uncertainty is due
to the uncertainty in the momentum onset of 2-nucleon
SRC. The second factor of 1.97±0.095 [10] is the average
of the experimental (1.7±0.3 [9]) and theoretical (2.0±0.1
[16, 22]) of a2(3He/d) . Thus, a2N (3He) = 0.08 ± 0.016.

TABLE I: a2(A/3He) and a3(A/3He) are the per-nucleon
probabilities of 2- and 3-nucleon SRC in nucleus A relative
to 3He. a2N (A) and a3N (A) are the absolute per-nucleon
probabilities of 2- and 3-nucleon SRC in nucleus A (in %).
Errors shown are statistical (first) and systematic.

a2(A/3He) a2N (A)(%) a3(A/3He) a3N (A)(%)
3He 1 8.0±0.0±1.6 1 0.18±0.00±0.06
4He 1.96±0.01± 0.03 15.6±0.1±3.2 2.33±0.12±0.04 0.42±0.02±0.14
12C 2.51±0.01± 0.15 20.0±0.1±4.4 3.18±0.14±0.19 0.56±0.03±0.21
56Fe 3.00±0.01± 0.18 24.0±0.1±5.3 4.63±0.19±0.27 0.83±0.03±0.27

Thus, the absolute probabilities for 2-nucleon SRC are
0.156, 0.20 and 0.24 for 4He, 12C and 56F respectively
(see also Table I). In other words, at any moment, in
56Fe, 12C, 4He and 3He, respectively, 6–7, 1.0, 1/3 and
1/8 of 2-nucleon SRCs can be found.

Similarly, to obtain the absolute probability of 3-
nucleon SRC we need the probability that the three nu-
cleons in 3He are in a 3-nucleon SRC. The start of the
second scaling region at Q2 = 1.4 GeV2 and xB = 2.25
corresponds to pmin ≈ 500 MeV/c. In addition, since
this momentum must be balanced by the momenta of
the other two nucleons, we require that p1 ≥ 500 MeV/c
and p2, p3 ≥ 250 MeV/c. This integral over the Bochum
group’s [24] 3He wave function is 0.07% using the CD
Bonn Potential [25] without 3-nucleon forces (3NF),
0.12% using CDBonn with the Tucson-Melbourne (TM)
3NF [27], 0.23% using the Urbana potential [26] with TM
3NF and 0.24% using the the Urbanna potential with
Urbanna-IX 3NF [28]. (Clearly, absolute A(e, e′) cross
sections at xB > 2 are needed to constrain these poten-
tials.) We will use the average value of these estimates
including 3NF: a3N(3He) = 0.18 ± 0.06%.

Using this value we calculate the absolute values of
a3N (A) shown in the fourth column of Table I. The per-
nucleon probabilities of 3-nucleon SRC in all nuclei are
smaller than the 2-nucleon SRC probabilities by more
than one order of magnitude.

We compared the 2-nucleon SRC probabilities to var-
ious models. The SRC model predicts [6] the relative
probabilities a2(4He/3He) = 2.03 and a2(12C/3He) =
2.53, as well as the A-dependences for A≥ 12 (see Eq.
2), which implies that a2(56/3He)/a2(12/3He) = 1.26.
These are remarkably close to the experimental values of
1.96 ± 0.01 ± 0.03, 2.51 ± 0.01 ± 0.15, and 1.20 ± 0.02
respectively. (Note that most of the systematic errors

Day, L.Frankfurt,  
Sargsian, MS, 93

K.Egiyan, et al 2005

Significant 
uncertainties in 
absolute scale

Amazingly good agreement between two analyses for a2 (A)

8

Compare also to the analysis of EVA data on (p,2p) - a2(C) ~ 5
Yaron et al 02

Two nucleon correlations - probability relative to “pn” in deuteron
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and momentum dependence of  the spectra are the 

same [ 11 ] what is natural for mechanism discussed 

above), (b) precocious scaling and independence of  

the type of  incident particle can hardly be understood 

since number of  slow protons (with momenta of  the 

order 1 GeV/c) which take part in the rescatterlng 

strongly depends at the intermediate energies ( 1 - 3  

GeV) of  the energy and of  the incident particle (p, 70, 

(c) number of  fast protons and pions with the equal 

momentum should be of  the same order at h i g h  ene r -  

gies (experimentally proton to pion ratio is about 102 

at p ~ 500 MeV/c) [11]. 

More detailed and unambiguous information could 

be obtained from the reaction i, as it follows from the 

eq. (2) and the above discussion. 

1. To simplify eq. (2) it was assumed that proton 

and neutron distributions in the nucleus are the same. 

In fact the different x dependence of  F2p(X, y), 
F2n(X, y) makes it possible to dlStlngmsh pn and pp 

pairs in nucleus. 

2. Due to linear increase vN total cross section 

with energy the spectrum of backward nucleons for 

reactions: v(~) + A ~ / a -  (/l +) + N + X will decrease 

( l - a )  times faster than for e + A ~ e+N + X, p(n) + 

A ~ N + X reactions. Therefore the comparison be- 

tween e, v scattering enables to investigate the transi- 

tional region between two nucleon and three nucleon 

correlations. 

3. The mechanism discussed above contributes in 

the limit kinematical region, a < 1. Outside this re- 

gion many particle correlations become essential. 

Therefore it seems interesting to study the average 

number of  fast nucleons in the final state as a func- 

tion of  a. Naively one could expect that it will in- 

crease with a. For a < 1 only one additional fast nu- 

cleon is expected m the forward hemisphere. 

4. It follows from eq. (2) that x, y distributions 

depend on a. In particular )Ta = 2)2(1-a) where )7 is 

average x for the total sample. 

5. In the above discussion we have neglected all 

configurations in nucleus other than build from nu- 

cleons. The study of  the reactions (i) can check the 

accuracy of  this approximation. First of all presence 

of the meson components (hke e.g. NNn configura- 

tions) can be mvestigated in v, ~ reactions (see fig. 3) 

as y distribution is rather sensitive to the admixture 

of antiquarks in nuclear wavefunctlon. The selecnon 

of nucleons in F region helps to suppress the contri- 

bution from normal configurations in nucleus and 

therefore to increase the relative contribution from 

diagrams like fig. 3. If  the configurations with 7r me- 

son admixture essential we would see considerable 

change o f y  distributions in ~ scattering (the visible 

increasing of  the number of  antiquarks as a function 

of the spectator momentum). 

6. In the case of  deuteron some of  its configura- 

tions can be studied in more detail. Let us briefly list 
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Momentum distribution normalized to its value at 300 MeV/c.

Hamada-Johnston WF

Extracted from the data assuming 
dominance of 2N SRC

ρ

We also estimated from these data  a2(12C)= 4 ÷ 5

We extracted two nucleon correlation function from analysis of  γ(p) 12 C→p+X processes
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Fig. 6.1. Production of a fast backward nucleon in the W* scattering from the two-nucleon correlation spectator mechanism.

for the average nucleon with a — 1. Therefore the mean x for events with backward nucleon should be

smaller than in the average case:

(X)a (2— a)(x). (6.2)

The decrease of (x)c. was first predicted in [15] and it is observed now in two experiments [9,10].

6.1. The basic formulae

To describe the reaction (6.1) quantitatively it is necessary to introduce the production function
p~1N2(ai k

11, a2, k21). By definition p~N2(ai, k11, a2, k2j)/p~2(a2, k21) is the probability for a nucleon

N1 to be produced ifa nucleon N2 is instantaneously removed from the nucleus. In principle p~~’2can be

calculated by solving the many-body Weinberg type equation for the nuclear WF and decomposing the

WF of the recoiling system over the free particle states (nucleons, nucleus fragments). This procedure is
analogous to that used for the calculation of the nuclear spectral function.

It is important that the removal of a nucleon from the nucleus in the reaction (6.1) can well be

considered as instantaneous because the energy transfer to the target nucleon in ~N scattering is large

at any x. Thus, the spectator contribution to the cross section of the reaction (6.1) is given by eq. (6.3)
(cf. equations for the ~+ D —* ~‘ + p+ X reaction in section 3.3) which is really a particular case of the

sudden approximation:

,4 .‘(0)±A—.~+p+X ~-‘.2 ~j ~ A

21
Uff _~ ‘-JF 1~1A uf~iu ~ pN

dx dy (da/a)d2k
1———Er ~ ai Np,n (a, k1, a1, k11)

~<[j-~2~(-~-, Q2)(1y)+~y2~2Fi(~_ 02)±y(1_ y)-~-F3(-~-,02)]

(6.3)

Integrating eq. (6.3) over x, y we obtain

d ~ M d dk
a da d

2k
1 = ~: i)N(E.~)AIN Jp~(a~k1, a1, k11)a1 a1 11 (6.4)

The contribution to the cross section arising from y*(W*) scattering from a fast backward nucleon

Fig. 6.2. Direct mechanism of fast backward nucleon production.

γ

backward
proton

Backward direction is very good for looking for decay of SRCs

9

☛



Further 2N correlation studies 

Easier to do with proton beams or higher energy electron beams - In this respect BNL (p,2pn) 
experiment (-t= 5 GeV2) had a better kinematics than Jlab (e,e’pp/pn) experiment (Q2= 2 GeV2)

Further studies are necessary, preferably using both leptonic and hadronic projectiles:

Studies of forward - backward correlations for a range of light nuclei 3He/4He(e,e’)pp/pn at Jlab 
at Q2=2 ÷4 GeV2 and at proton facilities (J-PARC, GSI)  with (anti)protons of energies starting at 6 
GeV.  A-dependence of the pp/pn ratio, its dependence on momentum of hit nucleon. Need 
statistics > 100 times higher than EVA and Jlab07. Gross reduction of errors on pp/pn.  Important 
to cover region of momenta kF< k < 300 MeV/c to explore transition from mean field to SRC.

 factorization tests for 2N SRC  - removal of a nucleon at different Q and by different probes - are necessary 
to demonstrate that decay function is universal (first step consistency of BNL and Jlab data)

10

 Processes with detection of nucleons. Need more phase space to be able to find kinematics with minimal fsi 
between nucleons of the 2N SRC.

Detailed studies of (e,e’) at  1<x <2. Onset of scaling of ratios. Reaching Q where it is violated.     
Isotopic effects (Ca, 3H/3He)

◉ 

◉ 

What about large angle photon induced processes at large t:  
γ A➝π- p + backward N + (A-2)



◉ What is the optimal way to include relativistic effects in particular minimal ones due to 
transformation vacuum pairs?

Relativistic 
projectile

t1, z1 t2, z2

t1 − z1 = t2 − z2

⇒
High energy process develops along the light cone (LC). 

Similar to the perturbative QCD the amplitudes of the processes are expressed through LC wave functions

Measurement of S/D ratio in 2H 
as a function of the nucleon momentum in 

e +2 !H → e + p + n at Q2  ~ 2 GeV2  

(a) T20 for tensor D polarization
(b) Proton polarization for vector D polarization

Measured in NIKHEF for Q2 =.21 GeV2    Passchier et al 2002

Best probe

- large relativistic effects FS78
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How EMC effect depends on the virtuality/off-energy-shellness of the nucleon?

Tagging  of  proton and neutron in  e+D→e+ backward N +X.

Is dependence the same for u- and d- quarks? 

◉

Expectation: Deviation of F2N(bound) from F2N  should grow with virtuality of the 
interacting nucleon: 

linearly for small virtualities as now observed for GEp/GMp at Jlab. 

F2A(x,Q2)
F2N (x,Q2)

− 1 ∝ (p2
int −m2

N )/∆EmN

p2
int −m2 = (mA − pspect)2 −m2.

12



Further 3N correlation studies

Evidence for 3N SRC 

✾ Analysis of the production of fast backward nucleons in the 
kinematics forbidden for scattering off the deuteron

✾

✾

Scaling of the ratios of (e,e’) cross sections for 3> x >2 

Calculation of the light-cone wave functions of nuclei  

3N SRC can be seen in the structure of decay of 3He (Sarsgian et al).✾
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Figure 10: Dependence of the decay function on residual nuclei energy, ER and
relative angle of struck proton and recoil nucleon, Θr. Figure (a) neutron is recoiling
against proton, (b) proton is recoiling against proton. Initial momentum of struck
nucleon as well as recoil nucleon momenta is restricted to pi, pr ≥ 400 MeV/c.

shows also different realization of 3N-I SRCs in which both struck and recoiled nu-
cleons share/balance the momentum of the third nucleon which has roughly twice
the momentum of pi or pr.

Figs.10a and 10b present the decay functions for proton removal with production
of either proton or neutron in the decay. Comparison of these two cases shows (see
upper left part of the graph) that in type 2N-I SRCs the strength of pn correlation
is larger than the strength of pp correlation by factor of ten. This feature reflects
the dominance of tensor interaction in S = 1, T = 0 channel of NN interaction
at short distances and was confirmed experimentally, both for hadron- and electron-
induced triple coincidence reactions on carbon[17, 18]. Interesting consequence of the
onset of 3N SRCs is that these two rates become practically equal once recoil energy
increases. More detailed view of relative strengths of pp and pn decay functions is
given in Fig.11. The increase of the ratio of pp to pn strengths with increase of the
recoil energy represents an unambiguous indication of the dominance of type 3N-I

21

Dependence of the decay function on residual  
nuclei energy, ER and relative angle of struck proton 
and recoil nucleon, Θr.  Figure (a) neutron is 
recoiling against proton,  (b) proton  is recoiling 
against proton. Initial momentum of struck nucleon 
as well as recoil nucleon momenta is restricted to  
pi,pr≥ 400MeV/c. 
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Figure 6. Prediction of the onset of scaling for 56Fe(e, e′)X scattering. The data are from [11] and
the curves are the mean-field (dotted), two-nucleon SRC (solid) and multi-nucleon SRC (dashed)
models, as described in the text.

demonstrates that at high Q2 calculations become sensitive to the binding modification of the
DIS structure function of the nucleons. To appreciate the size of the possible modification we
used one of the models (colour screening model of [68]) which describes reasonably well the
nuclear EMC effect at x < 1 (see section 2.6.1 for details). The calculations for 56Fe show
that the onset of scaling (Q2-independence) at x = 1 is expected at values of Q2 as low as
5–6 GeV2. At x = 1.5 the onset of scaling depends strongly on the underlying model of SRCs
and may occur already at Q2 ∼ 10 GeV2.

Figure 6 shows the results obtained using three different models describing the (A > 3)
nuclear state containing the superfast quark. In the first model, the momentum of the target
nucleon in the nucleus is assumed to be generated by a mean-field nuclear interaction only
(dotted line). In the second, the high-momentum component of the nuclear wavefunction
is calculated using a two-nucleon short-range correlation model (solid lines). Within this
approximation the variations of the structure functions with x will be the same for deuteron
and A > 2 targets at large values of Q2. In the third model, the multi-nucleon correlation model
(dashed lines) of [69] is used. This model agrees reasonably well with recent measurements
of the nuclear structure functions by the CCFR collaboration [65] but yields a significantly
larger quark distribution than the one reported by the BCDMS collaboration [64].

Figure 7 represents the A-dependence of F2A, which emphasizes that the use of large
nuclei and large values of x would allow the significant study of the models of short-range
correlations.

2.5.1. Experimental requirements. The physics programme described above involves
extending current inclusive scattering measurements at Jefferson Lab to the highest possible
values of Q2 at x ! 1. The extension to higher Q2 values requires the detection of

14



Use as a guide correlations in p A→ p (backward) + p (backward) +X
measured by  Bayukov et al 86

θi

15

Mapping structure of 3N SRC from 
e A→ e “forward N”+ “backward N”  + “backward N” + A-3

θi = 120o



pBe

pU

R2 =
1

σin
pA

dσ(p + A→ pp + X)/d3p1d3p2

dσ(p + A→ p + X)/d3p1dσ(p + A→ p + X)/d3p2

|p1| = |p2| ≈ 500MeV/c

Curves is experimental fit.

We can reasonably reproduce the pattern of ψ dependence of R2
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Study 3N correlations in A(e,e’ p +2 backward nucleons)  &A(p,p’ p +2 backward nucleons). 
Reminder: for the neutron star dynamics mostly isotriplet nn, nnn,..   SRC are relevant.

p (n)

p (e)
p(n)

e(p)

p(n)

   
(a)
(b)  ppn ~ nnp >> nnn, ppp 

(c) e+A → e+ 2N +X stronger angular dependence and larger 
R2(ψ=-180o) than in pA.

α1 Back.Nucl + α2 Back.Nuclα1 Forw.Nucl ≈ 3

Start with 3He, followed by 4He, C.  

Expectations:

17

α = A
EN − p(3)

N

EA − p(3)
A

light-cone fraction



Up to what momenta description of NN correlations in terms of nucleonic 
degrees of freedom maybe justified?

Decomposition over hadronic states could be useless if too many states are involved in 
the Fock representation

|D〉 = |NN〉 + |NNπ〉 + |∆∆〉 + |NNππ〉 + ...

We can use the information on NN interactions at energies below few GeV and the chiral dynamics 
combined with the following general quantum mechanical principle - relative magnitude of different 
components in the wave function should be similar to that in the NN scattering at the energy corresponding to off-
shellness of the component.  

12

The analyses using QCD dispersion sum rules [49–51] have demonstrated that the properties of light hadrons
(nucleon, π-, ρ-mesons, . . .) are basically determined by the quark condensates. For example, if there were no quark
condensate, a nucleon would have a mass of the order of 10 MeV due to terms mqq̄q in the QCD Lagrangian. (mq is
the current mass of the light quarks, mu ≈ 4 MeV, md ≈ 7 MeV, ms ≈ 150 MeV.) The numerical value of the chiral
condensate in the normalization point ∼ 0.5 GeV is [52, 53]

〈0|ūu|0〉 = 〈0|d̄d|0〉 ≈ −(240 MeV)3. (2.14)

This number can be roughly interpreted as the presence in the vacuum of one quark and antiquark of each flavour
per fm3.

2.2.3. Is the spontaneously broken chiral symmetry responsible for most of nuclear physics?

Due to the small values of the bare masses of the u, d, and s quarks as compared to the typical scale of the
strong interactions, mρ ≈ 770 MeV, the QCD Lagrangian is approximately symmetric under the group of chiral
transformations: q → exp(iγ5ωaλa)q, where ωa is a constant vector and λa are the Gell-Mann matrices for SU(3).
If the chiral symmetry were unbroken in the limit mq = 0 (as is the case in perturbative QCD) an approximate
degeneracy of the hadron states with different space parity would be observed. In particular, the vector meson 1−
(nucleon 1/2+) would have the same mass as the axial meson 1+ (nucleon resonance 1/2−). The observed splittings
mA1 − mρ ≈ 0.4 GeV and mN(1535) − mN ≈ 0.6 GeV are too large to be induced by nonzero bare masses of quarks.
This discussion shows that the almost precise chiral symmetry of the QCD Lagrangian is spontaneously broken due
to nonperturbative effects, e.g. due to the formation of a quark-antiquark condensate 〈0|ūu + d̄d + s̄s|0〉. But if
a continuous symmetry is spontaneously broken, the Goldstone theorem predicts the existence of massless bosons
(in the limit mq = 0). The real masses of these bosons are nonzero since the mass term in the QCD Hamiltonian
HI = muūu + mdd̄d + mss̄s violates the chiral invariance. The “pseudo-goldstone” bosons can be identified with the
nonet of pseudoscalar mesons π, K, η, η′. The large mass of η′ is due to the ghost pole specific for QCD (see refs.
[54, 55]).

As a consequence of the small masses of pseudogoldstones, the physics of the strong interactions at space-time
intervals

√
(∆x)2 ' 1/mρ (2.15)

should be determined by their interactions. The effective chiral Lagrangian (including terms with four derivatives of
the field U) has been calculated in refs. [56–58]:

L =
∫

d4x
1
4
F 2

πTr(∂µU(x)∂µU+(x) + LWZ + Lm + · · · . (2.16)

Fπ = 94 MeV is the π → µν decay constant. U(x) = exp iπa(x)λa/Fπ, and πa(x) is the nonet of chiral fields
(a = 1, . . . , 9). LWZ is the Wess-Zumino term arising due to the Adler-Bardeen axial anomaly. The term Lm is
proportional to the quark masses. We shall not write these terms explicitly. The dots denote terms containing higher
derivatives of U . The chiral QCD Lagrangian enables us to calculate (in good agreement with experiment) low-energy
π-meson and K-meson interactions and even the properties of the η(560) and η′(960) mesons. (See, e.g., ref. [59].)
The broken chiral symmetry (PCAC) has been successfully applied to the πN interaction (see ref. [60] and references
therein).

Since the pion is a Goldstone boson, its interaction with hadrons is proportional to the pion momentum kπ for
small kπ (in the limit of zero quark masses). As a result, the dominant contribution to nonresonant pion production
comes from pion emission off the external nucleon lines. The emission from the interaction blob is suppressed by an
extra factor ∼ kπ/mρ [61]. Therefore, direct (nonresonant) pion production in the process NN → NNπ is small in a
wide kinematical region:

σ(NN → NNπ)
σ(NN → NN)

( k2
π

16π2F 2
π

. (2.17)

The right-hand side of eq. (2.17) is actually the standard parameter of chiral perturbation theory. Equation (2.17)
explains the well-known experimental observation that up to Tp ( (2 − 5) GeV the inelastic nucleon cross section is
determined by two-body processes of baryon resonance production (predominantly ∆-isobar for Tp ≤ 1.5 GeV). Thus
the typical mass scale that determines the admixture of nonnucleon components in the wave function of the nucleus
is not mπ but m∆ − mN ≈ 0.3 GeV and for the deuteron (due to its isoscalarity) ! 2(m∆ − mN) ≈ mN∗ − mN ∼
(0.5 − 0.6) GeV. Thus, broken chiral symmetry seems relevant for the dominance of the nucleon degrees of freedom
in the wave function of the nucleus.

,
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π
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The right-hand side of eq. (2.17) is actually the standard parameter of chiral perturbation theory. Equation (2.17)
explains the well-known experimental observation that up to Tp ( (2 − 5) GeV the inelastic nucleon cross section is
determined by two-body processes of baryon resonance production (predominantly ∆-isobar for Tp ≤ 1.5 GeV). Thus
the typical mass scale that determines the admixture of nonnucleon components in the wave function of the nucleus
is not mπ but m∆ − mN ≈ 0.3 GeV and for the deuteron (due to its isoscalarity) ! 2(m∆ − mN) ≈ mN∗ − mN ∼
(0.5 − 0.6) GeV. Thus, broken chiral symmetry seems relevant for the dominance of the nucleon degrees of freedom
in the wave function of the nucleus.

Important simplification is due to  the structure of the final states in NN interactions: 
direct pion production is suppressed for a wide range of energies due to chiral 
properties of the NN interactions:

⇒ Main inelasticity for NN scattering for Tp ≤ 1 GeV is single  Δ-isobar production which is 

forbidden in the deuteron channel.  
18

Quest for non-nucleonic degrees of freedom



|Δ Δ> threshold is 

Small parameter for inelastic effects in the deuteron WF, while relativistic effects are already 
significant as v/c ~1

For the nuclei where single Δ can be produced 

19

Best to look for  admixture at large backward momenta ( αΔ> 1 )⇒
To summarize: pn  and pp correlations are predominantly build of nucleons   10--20 % (?) 
accuracy. Little room for exotic components (6q, Δ-isobars)  should be corrections even in 
SRC where energy scale is larger and internucleon distances are < 1.2 fm. Still because of 
suppression of pion fields, looking for exotic baryonic degrees of freedom most promising.

kN =
√

m2
∆ −m2

N ≈ 800 MeV/c !!!

kN ≈ 550 MeV/c



Non-nucleonic degrees of freedom

The reviewed data seem to indicate that 2N correlations dominate for  

600 > kN > 300 MeV/c

What about  Δ’s in nuclei?

Attraction in NN at medium distance (1 fm) is due to two pion exchange   

N

N

N

N

Δ

ππ

Reminder - quark exchanges also should generate  Δ’s 
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Intermediate states with Δ -isobars.

Often hidden in the potential.  Probably OK for calculation of the  energy binding,  energy 
levels.  However wrong for  high Q2 probes.

Explicit calculations of B.Wiringa -  ~1/2 high momentum component  is due to
   ΔN correlations, significant also ΔΔ . Tricky part - match with observables - 
momentum of   Δ in the wf and initial state

Large Δ admixture in high momentum component  

⇐
Suppression of NN correlations in kinematics of BNL experiment☛

☛ Presence of large ER tail (~ 300 MeV) in the spectral function  

A new quantity to provide even cleaner test of the structure of SRCs- nuclear decay function (FS 77-88) - probability to emit a nucleon with momentum k2  after removal of a fast nucleon with momentum k1, leading to a state with excitation energy Er nonrelativistic definition

Studies of the spectral and decay function of 3He reveal both two nucleon and three nucleon correlations - Sargsian et al 2004

For 2N SRC  can model decay function as decay of a NN pair moving in mean field (like for spectral function  PA)                 Piasetzky et al 06

 Instantaneous removal of one nucleon of 2N SRC leads to release of the second nucleon of SRC with initial momentum (more precisely light cone  fraction and transverse momentum) due to a large difference between the scale of local NN potential and interaction with the rest of the nucleons

☝
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Use 3He(e,e’ppn)

reactions to 
study pn, pp and 
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Looking for non-nucleonic degrees of freedom ( a sample of processes)

electron beams

isobars, N*’s α∆ > 1

for x> 0.1 very strong suppression of two step mechanisms  (FS80)

Confirmed by neutrino study of  Δ-isobar production off deuteron  

Best limit on probability  of Δ++Δ-  component in the deuteron  < 0.2%
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As a quasi-free particle, it is supposed to absorb a mo- 

mentum of about 300 MeV/c from the neutrino inter- 

action. The plr + effective mass distributions are shown 

in fig. 1 for two intervals of the combined prr + mo- 
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Fig. 1. Effective mass  distr ibutions o f  wr + combinat ions  for 

u (top) and 5 (bo t tom)  interactions.  The distr ibutions are pre- 

sented for two intervals of  the  combined per ÷ m o m e n t u m :  0 -  

400 and 4 0 0 - 8 0 0  MeV/c. The chosen bin size is 30 MeV]c :2 

= _r(1235)/4. The solid lines show the calculated background 

of  combinat ions  of  a pion with a spectator proton.  The 

do t ted  lines show p rompt  p~r + product ion as obtained from 

v/~-hydrogen data. 

mentum, 0 -400  MeV/c and 400-800 MeV/c. The 

delta spectators should appear only in the first inter- 

val. 

3. Background. Three sources of background to 

the possible delta spectator signal should be taken in- 

to account: 

(1) A++(1236) resonances produced in u/9-proton 

interactions. 

(2) Accidental combinations of positive pions pro- 

duced in u/P-neutron interactions and spectator pro- 

tons. 

(3) Combinations of positive pions and protons, 

where at least one of the particles emerges from a re- 

scattering reaction (secondary vertex) inside the deu- 

teron. 

All sources of background specifically occur in the 

odd-prong event sample. The background evaluation 

which is discussed in more detail in ref. [6], proceeds 

as follows: 

(1) Effective mass values of prr + combinations 

were obtained from the proton events of the ABCMO 

u/P-hydrogen experiment [7] which uses a neutrino 

beam with similar characteristics. The events were 

transformed to account for the Fermi motion of the 

target particle and normalized to the number of pro- 

ton events in deuterium. A weight factor was applied 

to account for the different flux and beam energy as 

experienced by the moving target particle in its rest 

frame. The calculated background is shown as dashed 

curves in fig. 1. It is very small and has little structure 

in the momentum intervals under investigation. Copi- 

ous production of delta resonances in neutrino-pro- 

ton interactions proceeds at higher p~r + momenta. 

(2) The combinatorial background was estimated 

by combining spectators with positive pions produced 

in spectatofless neutron events (even prongs). Since 

spectators emitted in the forward direction of the in- 

teraction cannot be distinguished from protons of 

other sources, a special method was applied to con- 

struct a spectator sample. The sample contained all 

measured backward spectators. Moreover, it con- 

tained a forward spectator derived from each back- 

ward one. The forward spectators were weighted in 

order to account for the difference in beam flux and 

energy as observed by forward and backward moving 

targets. The result of the calculation is automatically 

normalized to the number of events, it is shown as 

solid curves in fig. 1. 
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An analysis has been made of 15 400 v-d interactions in order to find a A++(1236)--A-(1236) structure of the deuteron. 
An upper limit of 0.2% at 90% CL is set to the probability of finding the deuteron in such a state. 

1. I n t r o d u c t i o n .  It has been suggested that the 

deuteron, part of  its time, exists in a state of  two 

A(1236) resonances [1]. If the probability for this 

state is G, the deuteron should be found with equal 

probabilities G/ 2  in the states A++--A- and A+--A 0 

due to isospin symmetry. The first state can be easily 

detected in a bubble chamber, since it would yield a 

A++(1236) spectator particle in high-energy particle- 

induced reactions on the A - .  A slow proton and a 

slow positive pion would result as decay particles. In- 

vestigations have been performed in various experi- 

ments, yielding generally values of  G below 1% [2,3] 

which is in agreement with a theoretical estimate [4]. 

In all these experiments hadrons were used as incident 

particles. In this letter we use data from a u and 9 ex- 

periment. Neutrinos would interact with a valence 

quark o f  the A -  in a A--A deuteron, leaving a A ++ 

spectator. Antineutrinos would interact with the val- 

ence quarks of  the A++, leaving a A -  spectator that 

cannot be detected in our experiment. The antineu- 

1 Present address: Dipartimento di Fisica, Universith di 
Padova, 1-35131 Padua, Italy. 
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trino data mainly serve as a cross check in the present 

analysis. All A ++ spectators are expected to be found 

in the odd-prong sample of  the experiment. 

2. E x p e r i m e n t a l  analysis.  The experiment was per- 

formed with the bubble chamber BEBC exposed to 

neutrino and antineutrino beams from the CERN SPS 

accelerator. The primary proton energy was 400 GeV. 

Details of the experiment have been given elsewhere 

[5]. For the present study 15 400 neutrino and 11 300 

antineutrino charged-current events were selected by 

requiring a detection of  the secondary muon in both 

layers of  the external muon identifier (EMI). Only 

events with a muon momentum above 4 GeV/c were 

accepted; no other cuts were applied on the sample. 

All protons and pions selected from the final states 

were identified on the scanning table by means of  

bubble density and endpoint characteristics. 

Effective mass distributions of  prr + combinations 

were obtained from the odd-prong neutrino and anti- 

neutrino subsamples, consisting of  8570 and 8500 

events respectively. The A++ spectator must reach its 

mass shell, before becoming visible in the chamber. 

0370-2693/86/$ 03.50 © Elsevier Science Publishers B.V. 

(North-Holland Physics Publishing Division) 
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Is there a positive  evidence for Δ’s in nuclei?

Indications from DESY AGRUS  data (1990) on electron 
- air scattering at Ee=5 GeV (Degtyarenko et al). 

Measured Δ++/p, Δ0/p  for the same light cone fraction alpha.

σ(e + A→ ∆0 + X)
σ(e + A→ ∆++ + X)

= 0.93± 0.2± 0.3

σ(e + A→ ∆++ + X)
σ(e + A→ p + X)

= (4.5 ± 0.6 ± 1.5) · 10−2

It seems that  there are data in the  CLAS archive to do this much better.

24

Even better job can be done at 11 GeV using different various setups



☝

Sufficiently large Q are necessary to suppress two step processes where  Δ++   isobar is produced  via 
charge exchange.  Can regulate by selecting different x -  rescatterings are centered at x=1. 

Searching/discovering baryonic nonnucleonic degrees of freedom in nuclei

Knockout of    Δ++ isobar in  e+2H→ e+ f orward Δ++ + slow Δ−

e+2H→ e+ f orward N+ slow N∗

(a)

(c)

e+3He→ e+ f orward Δ++ + slow nn

(b) Looking for slow (spectator)  Δ’s in exclusive processes  with 3He

Another possibility for 12 GeV, study   of  xF  ≥0.5 production of Δ- isobars (slow Δ’s in rest frame) in  

e+D(A)→e+ Δ +X. For the deuteron one can reach sensitivity better than 0.1 % for  ΔΔ especially with 
quark tagging  (FS 80-89)

(d) Measure  GE/GM as a function of nucleon momentum for SRC in deuteron, 
extending current 4He measurements  to k > 400 MeV/c
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Soft
Regime

Matching Region

Hard
Regime

QCD  with nuclei
Color transparency (CT) phenomenon plays  a dual role:

✠   probe of the high energy dynamics of strong interaction 
                               ✠   probe of minimal small size  components of the hadrons 

at intermediate energies also a unique probe of the space time evolution of wave packages 
 relevant for interpretation of RHIC  AA data

Basic tool of CT: suppression of interaction of small size color singlet configurations.

For a dipole of transverse size d:     

σ= cd2   in the lowest order in αs (two gluon exchange F.Low 75)

where S is sea quark distribution  for quarks making up 
the dipole.   

(Baym et al 93, FS&Miller 2000)

Maybe important 
at Jlab energies

σ(d, xN ) =
π2

3
αs(Q2

eff )d2
[
xNGN (xN , Q2

eff )

+2/3xNSN (xN , Q2
eff )

]
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ABC of CT: squeeze and freeze 

Squeezing: (a) high energy CT

Select special final states: diffraction of pion into two high pt  jets: dqq~ 1/pt-✵

✵ Select a small initial state:  γ*L   - dqq~ 1/Q- in  γ*L + N→ M+ B    

QCD factorization is valid for these processes with the proof based on the CT property of QCD 

(b) Intermediate energy CT

✽ Nucleon form factor

✽ γ*L (γ*T ?)+ N→ M+ B

✽ Large angle (t/s = const) two body processes:  a+ b →c+ d 
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Freezing: Main challenge: |qqq> ( |qq> is not an eigenstate of the QCD Hamiltonian.  
So even if we find an elementary process in which interaction is dominated by small size 
configurations - they are not frozen. They evolve with time - expand after interaction to 
average configurations and contract before interaction  from average configurations 
(FFLS88)

136c M. Strikman, M. Zhalov/Nuclear Physics A670 (2000) 135c-148c 

are those which contain minimal number of constituents. They determine asymptotic 

behavior of various exclusive hard processes such as electromagnetic form factors. One 

can expect that at very large momentum transfers point-like (small size components) 

(PLC) of the hadron wave function should dominate in the scattering. To check this 

assumption it was suggested by Brodsky [3] and Mueller [4] to study quasi-exclusive hard 

reactions I(h) + A --+ l(h) + p + (A - 1)*. If the energies and momentum transfers are 

large enough one expects that projectile and ejected nucleon travel through the nucleus 

in point-like (small size) configurations, resulting in a cross section proportional to A. 

In accessing the range of applicability of this approximation one has to address two 

questions: (i) Can PLC be treated as a frozen during the passage of the nucleus, (ii) At 

what momentum transfer PLC's dominate in the elementary amplitude. 

2.1. Expansion effect 

The current color transparency experiments are performed in the kinematics where 

expansion of the produced small system is very important (essential longitudinal distances 

are not large enough) and strongly suppresses color transparency effect [5,7]. 

The maximal longitudinal distance for which coherence effects are still present is de- 

termined by the minimal characteristic internal excitation energies of the hadron h. The 

estimates [5,7] show that for the case of a nucleon ejectile coherence is completely lost at 

the distances/~ ,,~ (0.3 + 0.5) • Ph fm, where Ph is measured in GeV/c. 

To describe the effect of the loss of coherence two complementary languages were sug- 

gested. In Ref. [5] based on the quark-gluon representation of PLC wave function it was 

argued that the main effect is quantum diffusion of the wave packet so that 

= (,~,,o~d + ~ [ , ,  - ,~ho~d])O(~c --  Z )  + ~ O ( Z  - ~c). (1) (TPLC ( z ) 

This equation is justified for hard stage of time development in the leading logarithmic 

approximation when perturbative QCD can be applied [5,6,9,8]. One can expect that 

Eq.(1) smoothly interpolates between the hard and soft regimes. A sudden change of 

a P i c  would be inconsistent with the observation of an early (relatively low Q2) Bjorken 

scaling [9]. Eq.(1) implicitly incorporates the geometric scaling for the PLC-nucleon 

interactions which for the discussed energy range include nonperturbative effects. However 

the discussed approximation for the expansion effects is oversimplified, see discussion in 

section 2.3. 

The time development of the P L C  can also be obtained by modeling the ejectile-nucleus 

interaction using a baryonic basis for the wave function of PLC: 

I~PLC(t))  -= Ei=laiexp(~Ei t  ) IqJi) = e x p ( i E ,  t )E~=,aiexp \ 2P  ] I~i),  (2) 

where I~i) are the Hamiltonian eigenstates with masses mi, and P is the momentum of 

PLC which satisfies P >> e l .  As soon as the relative phases of the different hadronic 

components become large (of the order of one) the coherence is likely to be lost. It was 

however suggested by B.Pire and J.Ralston that coherence may be sustained over much 

larger distances, see contribution of B.Pire [10] and references therein. One rather special 

example when coherence is sustained indefinitely is the harmonic oscillator - in this case 

coherence is sustained due to the equidistance of the energy levels. 

lcoh~ (0.3- 0.4) fm pN[GeV]

p
p

p

pA→ pp (A-1) at large t and 
intermediate energies

lcoh

136c M. Strikman, M. Zhalov/Nuclear Physics A670 (2000) 135c-148c 

are those which contain minimal number of constituents. They determine asymptotic 

behavior of various exclusive hard processes such as electromagnetic form factors. One 

can expect that at very large momentum transfers point-like (small size components) 

(PLC) of the hadron wave function should dominate in the scattering. To check this 

assumption it was suggested by Brodsky [3] and Mueller [4] to study quasi-exclusive hard 

reactions I(h) + A --+ l(h) + p + (A - 1)*. If the energies and momentum transfers are 

large enough one expects that projectile and ejected nucleon travel through the nucleus 

in point-like (small size) configurations, resulting in a cross section proportional to A. 

In accessing the range of applicability of this approximation one has to address two 

questions: (i) Can PLC be treated as a frozen during the passage of the nucleus, (ii) At 

what momentum transfer PLC's dominate in the elementary amplitude. 

2.1. Expansion effect 

The current color transparency experiments are performed in the kinematics where 

expansion of the produced small system is very important (essential longitudinal distances 

are not large enough) and strongly suppresses color transparency effect [5,7]. 

The maximal longitudinal distance for which coherence effects are still present is de- 

termined by the minimal characteristic internal excitation energies of the hadron h. The 

estimates [5,7] show that for the case of a nucleon ejectile coherence is completely lost at 

the distances/~ ,,~ (0.3 + 0.5) • Ph fm, where Ph is measured in GeV/c. 

To describe the effect of the loss of coherence two complementary languages were sug- 

gested. In Ref. [5] based on the quark-gluon representation of PLC wave function it was 

argued that the main effect is quantum diffusion of the wave packet so that 

= (,~,,o~d + ~ [ , ,  - ,~ho~d])O(~c --  Z )  + ~ O ( Z  - ~c). (1) (TPLC ( z ) 

This equation is justified for hard stage of time development in the leading logarithmic 

approximation when perturbative QCD can be applied [5,6,9,8]. One can expect that 

Eq.(1) smoothly interpolates between the hard and soft regimes. A sudden change of 

a P i c  would be inconsistent with the observation of an early (relatively low Q2) Bjorken 

scaling [9]. Eq.(1) implicitly incorporates the geometric scaling for the PLC-nucleon 

interactions which for the discussed energy range include nonperturbative effects. However 

the discussed approximation for the expansion effects is oversimplified, see discussion in 

section 2.3. 

The time development of the P L C  can also be obtained by modeling the ejectile-nucleus 

interaction using a baryonic basis for the wave function of PLC: 

I~PLC(t))  -= Ei=laiexp(~Ei t  ) IqJi) = e x p ( i E ,  t )E~=,aiexp \ 2P  ] I~i),  (2) 

where I~i) are the Hamiltonian eigenstates with masses mi, and P is the momentum of 

PLC which satisfies P >> e l .  As soon as the relative phases of the different hadronic 

components become large (of the order of one) the coherence is likely to be lost. It was 

however suggested by B.Pire and J.Ralston that coherence may be sustained over much 

larger distances, see contribution of B.Pire [10] and references therein. One rather special 

example when coherence is sustained indefinitely is the harmonic oscillator - in this case 

coherence is sustained due to the equidistance of the energy levels. 

Quantum 
Diffusion model 

of expansion

Note - one can use multihadron basis with build in CT (Miller and Jennings) or diffusion 
model - numerical results for σPLC are very similar. 

actually incoherence length

MC at RHIC assume 
much larger lcoh

-

e
p

e

eA→ ep (A-1) at large Q

lcoh
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Recent analysis of D.Ashery (05) D. Ashery, Tel Aviv University

Fit to Gegenbauer Polynomials

Generate Acceptance-Corrected Momentum distributions

Assume dσ
du ∝ φ2

π(u, Q2) in both k⊥ regions

Fit distributions to:

dσ

du
∝ φ2

π(u, Q2) = 36u2(1 − u)2
(

1.0 + a2C
3/2
2 (2u − 1) + a4C

3/2
4 (2u − 1)

)2

For high kt : a2 = a4 = 0 → Asymptotic

For low kt : a2 = 0.30 ± 0.05, a4 = (0.5 ± 0.1) · 10−2 → Transition

Squeezing occurs already  before the leading term (1-z)z dominates!!!  
16

At high energies weakness of  interaction of point-like configurations with 
nucleons - is routinely used for explanation of DIS phenomena at  HERA.

First experimental observation of high energy CT for pion interaction 
(Ashery 2000): π +A →”jet”+”jet” +A. Confirmed predictions of pQCD 
(Frankfurt ,Miller, MS93) for A-dependence, distribution over energy fraction, u 
carried by one jet, dependence on pt(jet), etc

(π wave funct)2

prediction

High energy color transparency is well established

Squeezing occurs already  before the 
leading term (1-z)z dominates!!!  

Q2(π f.f.) ∼ 4k2
t (jet)

⇐

strong squeezing in π form factor
 for Q2=6 GeV2
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QCD factorization theorem for DIS exclusive meson 
processes (Brodsky,Frankfurt, Gunion,Mueller, MS 94 - vector 
mesons,small x; general case Collins, Frankfurt, MS 97). The prove is based 
(as for dijet production) on the CT property of QCD not on closure like 
the factorization theorem for inclusive DIS.   
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Extensive data on VM production from HERA support dominance of the  pQCD dynamics. 
Numerical calculations including finite transverse size effects  explain key elements of high      
Q2  data.

3
4
5
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7
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11
12
13
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Q2 (GeV2)

B 
(G

eV
-2

)
ρ

J/ψ

Convergence of the t-slopes, B (               ), of 
 ρ-meson electroproduction to the slope of
  J/psi photo(electro)production - direct proof of 
squeezing 

dσ
dt

= Aexp(Bt)

B(Q2)−B2g

B(Q2 = 0)−B2g
∼ R2(dipole)

R2
ρ

R2(dipole)(Q2 ≥ 3GeV 2)
R2

ρ

≤ 1/2
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(iv)  the ratio  !L/!T >> 1 at large Q2    for  " and #-meson  production

(v) at Q2 >  5 GeV2 for SU(3) symmetry is restored for #/" - ratio ~ 2/9

! Presence of small size  qq Fock componentss in light mesons is 
unambigously established

!

!

-

At  transverse  separations d ! 0.3 fm pQCD reasonably describes 
“small qq - dipole”- nucleon interaction for 10-4 < x < 10-2-

Color transparency is established for the interaction of small dipoles with 
nucleons and with nuclei (for x ~10-2 )

Intermediate energies

Main issues 
At what Q2 / t  particular processes select PLC  -  for example 
interplay of end point and LT contributions in the e.m. form factors, 
exclusive meson production.

☛

☛lcoh = (0.3 ÷0.4  fm ) ph [GeV]  ➜ ph=6 GeV  corresponds   lcoh = 2 fm ~ 1/σNNρ0

need high energies to see large CT effect even if squeezing is effective at lower energies
32



Experimental situation

Energy dependence of transparency in (p,2p) is observed for energies corresponding to 
lcoh ≥  2 fm.   Such dependence is impossible without freezing. But not clear whether 
effect is CT  or something else? Needs independent study.

☀

☀ γ* +A →π A*   evidence for increase of transparency with Q  - Dutta’s talk

0.7

0.725

0.75

0.775

0.8

0.825

0.85

0.875

0.9

1 2 3 4 5

Q
2
  (GeV/c)

2
!

Note that elementary reaction for Jlab 
kinematics is dominated by ERBL term so γ* N 
interaction is local. γ* does not transform to  qq 
distance 1/mNx before nucleon

-
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☀ VM production

CT is observed for γ+A →J/ψ +A at FNAL  (Sokoloff et al)

 ◆     ρ -meson production at high energies - inconclusive - some evidence in 
incoherent scattering  - E665, HERMES - missing  energy is significant - hadrons can 
be produced - in principle a different type of process. 

Jlab energies - Complication:  ρ has large width. Decay length  ~ pρ/Γmρ   less or  
comparable to the radius of iron for pρ <  2GeV/c. Two pions are absorbed with cross section 
> 60 mb for these energies - effect disappears at large pρ  and mimics CT pattern.  Jlab experimental 
data have a sufficiently tight  cut on missing energy - they are still analyzed.  

◆
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Future directions for  meson CT studies
Gain in energy of a factor of two even for the same Q2  should greatly 
improve freezing and hence amplify the effect
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T

FIG. 1: Transparency and Glauber-like calculation for a 12C target and pion momentum up to 12

GeV. The top curve is for Color Transparency calculated with σPLC = 0. The next three curves

are for σPLC ∝ 1/Q2 evaluated at Q2 = 10, 5 and 2.5 GeV2 respectively. ∆M2= 0.7 GeV2.

II. THE SEMI-CLASSICAL APPROXIMATION

The final state interactions of semi-exclusive nuclear reactions can be described quite

well by Glauber-type calculations. If a PLC is created inside the nucleus and subsequently

evolves into a physical particle its final state interactions will be modified and transparency

will result.

If one is summing over all nuclear final states, the nuclear transparency can be defined

as the ratio of a model calculation of a nuclear cross section (including the effects of FSI’s)

to the (A times the) cross section produced by a free nucleon target. The use of this ratio

allows one to assess the influence of FSI’s without having a detailed knowledge of the reaction

dynamics.

A semi-classical formula [11] has been developed to compute nuclear transparency for

situations in which the kinematics of the outgoing pion are known precisely, but the cross

section involves a sum over all of the excited nuclear states [12] The strength of the final state

interactions depends on an emission probability computed using the eikonal approximation

and an effective interaction that parameterizes the variation of the final state interactions

as the ejectile propagates through the nucleus. If the particle produced inside the nucleus

is a PLC which then expands into the observed final state, the interaction with the nuclear

3

matter deviates from that of Glauber- type calculations.
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FIG. 2: Transparency (upper curve) and Glauber (lower curve) calculation for 12C, 64Cu and 197Au

for pion momentum up to 12.5 GeV. Color Transparency is calculated with σPLC evaluated at 10

GeV2, and ∆M2=0.7 GeV2. Greater enhancement is to be found for larger nuclei.

The semi-classical formula for pion transparency in the reaction (e, e′A → π+X) involves

only a single integral over the path of the outgoing pion,

T =
Aeff

A
=

1

A

∫

d3rρ(r) exp[−
∫

∞

z
dz′σeff (z

′ − z, pπ)ρ(r′)]. (1)

The nuclear density ρ(r) is of Woods-Saxon form with radius parameter R = 1.1 fm A1/3

and diffuseness a = 0.54 fm, and is normalized to A and the effects of final state interaction

is contained in the effective interaction, σeff . The effective interaction contains two parts,

one for z′−z less than a length lc describing the interaction of the expanding PLC, another,

for larger values of z′ − z describing the final state interaction of the physical particle. The

effective interaction for the PLC is

σeff (z, pπ) = σπN(pπ)

[(

n2〈k2
t 〉

Q2
(1 −

z

lc
) +

z

lc

)

θ(lc − z) + θ(z − lc)

]

. (2)

The prediction that the interaction of the PLC will be approximately proportional to the

propagation distance z for z < lc is called the quantum diffusion model. For z = 0 in Eq. (2)

the cross section for the initially-produced PLC is identified.

σPLC ≡ σπN(pπ)
n2〈k2

t 〉
Q2

(3)

4

Glauber

Glauber

CT

Q2 (GeV2)

CT
10
5

2.5

∞
Q2 = 10 GeV2

Diffusion  model predictions (Larson, Miller, MS  06)

For large lcoh the CT effect is larger  for heavy nuclei. Larger sensitivity to expansion 
than to degree of squeezing as soon as it is large enough.
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Study of CT for meson production is a key component of justifying using meson 
production in at Jlab 12 for the GPD studies. If there is no squeezing - no chance to 
use even ratios of the cross sections or  polarizations

Resonance / continuum A-dependence

For small lcoh  final  state is produced inside the nucleus. Compare say 

T (γ∗ + A→ π+π−(nonresonance) + A∗) vs T (γ∗ + A→ π+(ρ) + A∗)

Expect that for moderate  lcoh   (opacity regime) resonances / background enhanced!!!
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Revealing mechanism of two body processes like   γ(γ*) +N →  γ(π)+ N

Question: at what t the processes become hard? 
Two levels:    (a) transition from VDM photon to point-like photon at t=t0

  (b) squeezing of the produced hadrons

(a) A rather fast change of A-dependence from A1/3 to A2/3

(b)  A relatively slow change of A-dependence G.Miller and MS
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! N " # N  Transparency vs. A, $%

/A /A 
$=10GeV 

$=5 GeV 

-(t-t0) GeV2 -(t-t0) GeV2 

/A 

$=10 GeV 

$= 5 GeV 

Interesting to study also as a function of Q.

(Virtual) Compton scattering - screening for low Q low t as for pion - nucleus 
interaction.   At what Q/t does  transition occurs  from hadronic to quark 
degrees of freedom?
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Dynamics of the nucleon form factor 

Until condition is met   

lcoh ≥ linter = 1/σρA

CT should remain small  (independent of whether squeezing exists at all)

For nucleon linter ∼ 2fm =⇒ Q2 ≥ 13GeV 2

12 GeV upgrade  (e,e’p)  experiment can reach at least Q2=15 GeV2

One needs further studies at intermediate Q2  since the current 
situation is rather contradictory
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Discrepancy with Glauber calculation is typically 30% for heavy nuclei???
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Glauber model ( Frankfurt, Strikman, Zhalov) : very small suppression at large Q2 :  Q> 0.9 
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calculated using HFS spectral 
function with the data.  No 
room for large quenching, 

though 10-15% effect does not 
contradict to the data.

Small quenching is consistent with a 
small strength at large excitation 

energies for the momentum range of 
the NE-18 experiment (R. Milner - 

private communication)
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Need data on (e,e’p) for small k and large Er  and Q2 ~ 2 GeV2

Alternative possibility - 10-15% chiral transparency effect



Complementary strategy - use processes where multiple 
rescatterings dominate in light  nuclei (2H,3He) 

Egiyan, Frankfurt, Miller, Sargsian, MS 94-95 
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Three Body Break-up (e,e’p)pn Reaction Q2 = 1.55 GeV2

Benmokhtar, et al PRL 2005

IA

GEA

Calculation by Sargsian in GEA. Very similar 
results from Schiavilla et al and Perugia group

Why: small distances - suppression of 
expansion, high power of σeff
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Since distances in the rescatterings
 are < 2 fm, freezing condition is by far less demanding. 
Rather easy to select the proper channel like 
e2H→ epn using just two high energy spectrometers.  
Issue - chose kinematics were contribution of Δ-isobar 
intermediate states is small.Topical Review R35
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Figure 15. The ratio of the cross section at 400 MeV/c missing momentum to the cross section at
200 MeV/c as a function of Q2. The solid line corresponds to the GEA prediction. The dashed and
dash-dotted lines represent the quantum diffusion model of CT with !M2 = 0.7 and 1.1 GeV2,
respectively. The drop with Q2 in the colour transparency models comes from a reduction in the
rescattering of the struck nucleon, which is the dominant source of events with pm > kF .

An appropriate measure for colour transparency in double scattering reactions is a
ratio of cross sections, measured at kinematics for which double scattering is dominant,
to the cross section measured at kinematics where the effect of Glauber screening is more
important. Theoretical investigations of these reactions [33, 172] demonstrated that it is
possible to separate these two kinematic regions by choosing two momentum intervals for
the recoil nucleon: (300–500 MeV/c) for double scattering, and (0–200 MeV/c) for Glauber
screening. To enhance the effect of the final state interaction in both regions, the parameter
α, characterizing the light-cone momentum fraction of the nucleus carried by the recoiling
nucleon should be close to 1 (α = (Es − pz

s )/m ≈ 1, where Es and ps are the energy and
momentum of recoil nucleon in the final state). Thus, the suggested experiment will measure
the Q2-dependence of the following typical ratio at α = 1:

R = σ (ps = 400 MeV/c)

σ (ps = 200 MeV/c)
. (22)

Figure 15 shows this ratio, calculated within the generalized eikonal approximation (solid
line), and using the quantum diffusion model of CT with upper and lower values of the
expansion parameter !M2.

It is worth noting that in addition to the d(e, e′pn) process, one can consider excitation of
baryon resonances produced in the spectator kinematics, such as d(e, e′p)N∗ and d(e, e′N)!.
The latter process is of special interest for looking for the effects of the so-called chiral
transparency—the disappearance of the pion field of the ejectile [173, 174].

3.4.1. Experimental objectives. The A(e, e′p) and d(e, e′p) experiments described in the
previous section are rather straightforward: they require a high-luminosity electron beam to
access the very small cross sections at high Q2 and a set of two medium-resolution magnetic
spectrometers to determine, with reasonable precision, the recoil nucleon momentum and the
nucleon binding energy.



As nucleon is a more complex system than mesons it  is natural before looking for 
color transparency search  for  effects of  “Chiral transparency” - pion cloud 
contribution becomes negligible in the nucleon form factor at Q2 > 1 GeV2  

Example  I:

p

p
n

n

π-

Δ0
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at large Q charge exchange processes should be 
suppressed (LF& H.Lee, Miller, Sargsian, MS- 97).



Example  II:  Chiral dynamics in production of pions near threshold

Large Q reaction γ* N  → Nπ  for MNπ - MN-Mπ < Mπ
Cross section is related to nucleon f.f. using chiral rotation and explains 
the SLAC data Pobylitsa, Polyakov, MS  2001
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W 2. The data of the E136 experiment are at average Q2 val-
ues of 9.4, 11.8 (3), 15.5, 19.2 (!), 23, 26, and 31 (")
GeV2. The theoretical predictions of the hSPT (18) at Q2 !
10, 20, 30 GeV2 are given by dotted, solid, and dashed lines
respectively.

threshold is much smaller than the asymptotic value of
52#37 which follows from Eq. (7) with the asymptotic
distribution amplitude f!x" ~ x1x2x3. Thus this ratio is
extremely sensitive to the deviations of the nucleon DA
from the asymptotic form. Therefore measurements of
the neutron structure function in the near-threshold region
would considerably constrain the form of the nucleon
distribution amplitude.

In this Letter we derived a new soft-pion theorem for the
threshold pion production by a hard electromagnetic probe,
i.e., with the probe of virtuality Q2 ¿ L2 (L $ 1 GeV
is a typical hadronic scale). This new hSPT allows us to
express the pion-production amplitudes in terms of the dis-
tribution amplitudes of the nucleon. The latter enter the
description of various nucleon form factors at large mo-
mentum transfer. These new relations give a possibility to
constrain further the nucleon distribution amplitude using
data on threshold inelastic electron scattering from the nu-
cleon at high momentum transfer.

Using a generic symmetric model for the nucleon
DAs we demonstrated that various observables for near-
threshold pion production at high momentum transfer are
sensitive to the parameters of nucleon DAs. This shows
that the near-threshold pion production by a hard electro-
magnetic probe is a new valuable source of information
about nucleon distribution amplitudes. Studies with a
broader range of models of nucleon DAs will be presented
elsewhere.

Our analysis was restricted to the leading twist QCD
contributions. The application of the methods developed
here to the models for soft contributions to the baryon

form factors (see a review in [21]) would allow one to
derive predictions of these models for hard near-threshold
pion production. This might be an exciting possibility to
use hSPT to discriminate between soft and hard mecha-
nisms for high momentum transfer reactions. The study
of the discussed processes should be feasible at the top of
the current JLab energies and should be one of the high
priorities of JLab at 12 GeV.
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Physical picture:   γ* hits 3q configuration 
which later emits a pion. Time scale is likely to 
correspond to lcoh > lcoh( form factor) as only 
pion cloud is removed from nucleon. 
➠  At Q2~ 5-7 GeV2 the system 
which propagates through nucleus 
interacts with σ~ 40 mb not   σ=  
σNN +  σπN ~ 70 - 80 mb

⇒  Large chiral transparency effect
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Conclusions

Impressive experimental progress of the last three years -

A number of theoretical challenges including  a) calculation of the decay functions, b) 
isotopic effects for SRC, c) isobars, d) relativistic effects, e) studies of FSI dynamics - 
optimizing for signal of SRC, understanding the role of CT effects (GEA - good starting 
point - need more tests of isobar FSIs) 
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proves validity of strategy of use of high momentum transfer processes

Several experiments are under way/ been planned for 12 GeV will allow to probe 
many QCD aspects of large momentum transfer processes,  need more coherence in 
the program & complementary studies using hadron beams. 

provides solid basis for further discoveries  & more precise studies

Evidence for onset of CT in exclusive meson production - good news for GPD studies

    Discovery of strong short range correlations in nuclei with strong dominance of I=0 SRC 


